Acetate and hydrogen concentrations in pore fluids were measured in samples taken at seven sites from southern Hydrate Ridge (SHR) offshore Oregon, USA. Acetate concentrations ranged from 3.17 to 2515 µM. The maximum acetate concentrations occurred at Site 1251, which was drilled on a slope basin to the east of SHR at depths just above the bottom-simulating reflector (BSR) that marks the boundary of gas hydrate stability. Acetate maxima and localized high acetate concentrations occurred at the BSR at all sites and frequently corresponded with areas of gas hydrate accumulation, suggesting an empirical relationship. Acetate concentrations were typically at a minimum near the seafloor and above the sulfate/methane interface, where sulfate-reducing bacteria may consume acetate. Hydrogen concentrations in pressure core samples ranged from 16.45 to 1036 parts per million by volume (ppmv). In some cases, hydrogen and acetate concentrations were elevated concurrently, suggesting a positive correlation. However, sampling of hydrogen was limited in comparison to acetate, so any relationships between the two analytes, if present, were difficult to discern.
INTRODUCTION
Acetate and hydrogen are common products of microbial fermentation and chemical pyrolysis of organic matter. They are also common energy sources for microbial respiration reactions. Thus, these molecules are expected to be key intermediates in subsurface microbial activities. Methane, a primary product of acetoclastic methanogenesis or carbonate reduction, coexists in the pore water or as gas hydrate in close proximity to methanogens.
Globally, much of the methane found in seafloor hydrates has a light stable isotope signature for carbon that suggests it was produced by microbial (i.e., methanogenic) activity (Kvenvolden, 1995) . Methanogens, members of the domain Archaea, are important contributors to the oxidation of organic matter. Despite the difficulty in detecting methanogens in sediments that contain hydrates (Reed et al., 2002; Inagaki et al., 2003) , it is expected that their presence is key to the formation of large methane hydrate deposits that possess biogenic methane.
Methanogens are found in numerous anoxic environments on Earth. They depend upon aerobic and anaerobic microbial communities to oxidize more complex forms of organic materials into the small organic molecules that they can use (Fenchel and Blackburn, 1979) . Many methanogens also use hydrogen as a source of energy. Hydrogen can be generated from biological or abiological processes (Morita, 2000) and may serve as a fundamental means of survival for many organisms in the subsurface. In subseafloor environments, acetate and hydrogen are two of the most likely sources of energy for methanogens (Whiticar et al., 1986) . Acetoclastic methanogens have been suggested as key contributors to the methane that exists within hydrates on Blake Ridge, one of the most intensively studied hydrate sites in the world (Wellsbury et al., 1997) . At Blake Ridge, Wellsbury et al. (1997) detected high concentrations of acetate that corresponded to high rates of acetoclastic methanogenesis as measured in the laboratory.
The concentration of energy-yielding compounds in microbial habitats is a critical element for estimating the rate of microbial activity in these environments. Acetate concentrations in anoxic marine sediments are typically low and maintained at those low levels because of microbial activity. In shallow Blake Ridge sediments, acetate concentrations in pore waters remained close to ~7 µM through the uppermost 80 m of sediments (Wellsbury et al., 1997) . However, as depth increased in this location, higher values were detected (up to 15,000 µM).
Acetate concentrations have been measured on a few occasions in deep marine boreholes such as Ocean Drilling Program (ODP) Leg 164 on Blake Ridge, (Egeberg and Barth, 1998) , Leg 177 in the Southern Ocean (Wellsbury et al., 2001) , Leg 201 on the Peruvian continental margin (Shipboard Scientific Party, 2002) , and the present study. Only the Southern Ocean study area did not have gas hydrate deposits associated with some of the drilling locations. Total bacterial abundances have been measured in sediments for each of these four legs, and, more specifically, during Leg 204 methanogenic archaea were counted by Boyd (2005) .
Hydrogen concentrations in marine sediments vary according to the terminal electron-accepting process (TEAP) that dominates in a particular location in the sediments. For example, in Cape Lookout bight sediments, hydrogen concentrations ranged from a low of 0.031 nM, where
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nitrate reduction was the dominant TEAP, to a high of 133 nM, where acetogenesis was the dominant TEAP (Hoehler et al., 1998) . Hydrogen concentrations have been previously measured during Leg 201, where they reached a maximum concentration of 102 nM at Site 1231 (Shipboard Scientific Party, 2002) . At Site 1230, where gas hydrates were recovered from multiple depths ranging from 123 to 200 meters below seafloor (mbsf), hydrogen concentrations reached a maximum of 1.45 nM; however, the sample density was too low to derive a correlation of hydrogen concentrations with intervals bearing gas hydrate.
LOCATION
Hydrate Ridge is a 25-km-long, 15-km-wide accretionary ridge located on the continental margin ~80 km west of Newport, Oregon (Fig.  F1) . A widespread bottom-simulating reflector (BSR), numerous seafloor gas vents, outcrops and subcrops of gas hydrate, authigenic carbonates, and chemosynthetic organisms characterize the area (Tréhu, Bohrmann, Rack, Torres, et al., 2003) . During Leg 204, nine sites (1244-1252) were drilled and cored on southern Hydrate Ridge (SHR). From seven of these sites, highlighted in red on Figure F1 , we collected the samples reported in this study. Detailed descriptions of the geologic and biologic setting can be found in the Leg 204 Initial Reports volume (Tréhu, Bohrmann, Rack, Torres, et al., 2003) and references therein.
SAMPLING METHODS AND HANDLING
Gas samples for hydrogen analyses were retrieved from the pressure core sampling (PCS) device. The workings and deployment of this device are described in detail in Tréhu, Bohrmann, Rack, Torres, et al. (2003) . The use of the PCS allowed for the collection of the best possible in situ gas samples.
The PCS cores were degassed for periods of 450-2999 min onboard the ship (Milkov et al., 2003) . Evolved gas was collected in a series of sample increments by allowing gas to bubble through a water bath and captured in an inverted plastic graduated cylinder. Gas was removed from the graduated cylinder by a syringe. Gas aliquots were then placed into 30-mL serum vials by water displacement. The vials were sealed and stored at 4°C until analysis.
Samples destined for acetate concentration measurement were collected in conjunction with other interstitial water (IW) samples. The majority of shipboard IW samples were obtained on 5-to 20-cm-long whole-round cores that were cut according to two general procedures described in Tréhu, Bohrmann, Rack, Torres, et al. (2003) . Uncontaminated sediment (~150-300 cm 3 ) was placed into a titanium squeezer (modified after the stainless steel squeezer of Manheim and Sayles [1974] ), filtered through a 0.45-µm Gelman polysulfone disposable filter, and collected in a plastic syringe over the course of 20-40 min. The fluids were then filtered again through a 0.2-µm inline filter, and ~3-mL subsamples of this pore water were stored in glass vials for analyses of dissolved volatile fatty acids. The samples were kept frozen until analyzed. 
ANALYTICAL METHODS
For hydrogen analyses, we used a 3800 Varian gas chromatograph equipped with three separate sample loops, three sets of columns, and three distinct detectors for gas analysis. Gas samples were withdrawn from the serum vial by piercing the solid rubber seal with a needle attached to a gas-tight glass syringe. The gas chromatograph was configured with argon as the carrier gas, an evacuated 1-mL sample loop, and a thermal conductivity detector (TCD). Helium and H 2 are detected with the most sensitivity with detection limits of 2 parts per million (ppm). Methane is detected in concentrations above 20 parts per million by volume (ppmv). The TCD sample arm is controlled by a Type 4 electronic flow controller and is fed by a sample loop that uses two columns in series, a Hayesep R column (4 ft × in, 80-100 mesh, silco steel), followed by a Molsieve 5A column (10 ft × in, 60-80 mesh, silco steel). Run conditions are isothermal at 50°C at 21 mL/min.
Measurements on replicate sediment samples generally have a precision of ~5%. Accuracy of the chromatographic analysis is estimated to be 2% based on comparison of standards, and the precision is ~2%.
Acetate ion concentration of extracted pore water was determined by high-performance liquid chromotagraphy using a Shimadzu VP series chromatograph with an ultraviolet-visual light detector (SVP-10AVP) set at 210 nm. IW samples were allowed to thaw at room temperature, and ~1 mL was transferred to autosampler vials for immediate analyses. Acetate was separated using two columns in series (Bio-Rad Aminex HPX-87H and Hamilton PRP X300) with a 0.016-N sulfuric acid eluent flowing at 0.6 mL/min. The retention time for acetate was 25.8 min under these conditions. Detection limits of these analyses were ~3 µM. Acetate concentrations were calculated based on peak height from a fivepoint standard calibration curve. Measurements on replicate sediment samples generally have a precision of ~2%. Accuracy of the chromatographic analysis is estimated to be 1% based on comparison of standards, and the precision is also ~1%.
RESULTS
Acetate and hydrogen concentrations in pore fluids were measured from samples taken at seven sites from SHR. Figures F2, F3 , F4, F5, F6, F7, and F8 show plots of acetate ion and hydrogen concentration with depth for each site.
Acetate concentrations ranged from 3.17 to 2515 µM (Table T1) . Acetate concentrations are typically lowest within the upper 10 mbsf, above the sulfate/methane interface (SMI), and highest at various depths downhole, suggesting that in these shallow sediments, sulfatereducing bacteria may consume acetate.
Within the gas hydrate stability zone, there are discrete excursions to high acetate concentrations at all sites. Hydrate distribution was constrained by Tréhu et al. (2004) using a multiproxy approach; however, given the spatial variability of the various proxies, here we correlate the acetate concentration with gas hydrate abundance in pore space primarily derived from dissolved chloride anomalies indicative of hydrate presence. Both chloride and acetate data were obtained in the same IW samples at similar intervals. A comparison between the acetate maxima and the discrete spikes in chloride concentration reveals that there is a 
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general correspondence of higher concentrations of acetate. Hydrogen concentrations were measured in too few places to make any correlations; however, the build up of both acetate and hydrogen below the SMI suggests a buildup of microbial energy sources. Acetate concentration maxima occurred at or near the BSR at Sites 1245, 1250, and 1251, and high concentrations were also observed at Sites 1244, 1246, and 1252. It is perhaps significant that the best defined maxima at the BSR occur at Sites 1250 and 1251, where the enhanced acetate content is observed in several samples, and at Site 1251 reaches values of 2600 µM. Based on PCS data, it is apparent that there is free gas underneath the BSR at these locations, although at Site 1251 it is only a few percent of the available pore space (Tréhu, Bohrmann, Rack, Torres, et al., 2003) . Hydrogen concentrations are noted by the format (number, letter) in Figures F2, F3, F4, F5, F6, F7 , and F8, indicating the average concentration of that number of samples, while the letter designates the hole (e.g., 1244E). Hydrogen concentrations in PCS gases ranged from 16.45 to 1036 ppmv and are listed in Table T2 . Hydrogen concentrations measured while degassing the PCS cannot be directly related to in situ concentration in pore water because of the sampling method; thus, the results given in ppmv should be considered as relative, semiquantitative concentrations. Hydrogen concentration measurements were attempted on ~20 headspace samples (i.e., approximately a 5-cm 3 sediment plug). For each of these samples, hydrogen concentration was below the detection limit of about 10 ppmv, corresponding to concentrations of less than ~4 nM.
In general, pore water acetate concentrations in samples from Leg 204 were high in comparison to the non-gas hydrate-bearing Southern Ocean region, which range from 0 to 110 µM (Wellsbury et al., 2001) . High acetate concentrations in this region were associated with the presence of localized diatom-rich laminae in the sediments at Site 1093 (Gersonde, Hodell, Blum, et al., 1999) . In contrast, data from Leg 164 showed acetate concentrations exceeding 15,000 µM at ~700 mbsf in Site 997 (Egeberg and Barth, 1998; Wellsbury et al., 2000) . These sediments were recovered from biogeochemically active zones (Wellsbury et al., 2000) with extensive gas hydrate deposits (Dickens et al., 1997) . Drilling conducted during Leg 201 also showed high acetate concentrations at the Peru slope hydrate site (Site 1230). Here the acetate concentration reached 230 µM at 145 mbsf and corresponded to the presence of gas hydrate at 142 mbsf (Shipboard Scientific Party, 2002) . The results from each of these legs suggest that the high acetate concentrations in the pore waters of gas-hydrated sediments or sediments containing unusually high concentrations of methane are unique and not the general situation in deep marine sediments. A similar conclusion was reached by Wellsbury et al. (2001) .
Acetogenesis rates may increase with rising temperatures, resulting in an increase in acetate concentrations with increasing depth. Such an increase with depth was observed by Wellsbury et al. (1997) at Blake Ridge, offshore the southeastern Atlantic coast of the United States. They concluded that the acetate concentration buildup was indeed due to acetogenesis brought on by early diagenesis of organic matter and that the acetate helped fuel the generation of methane by methanogens utilizing acetate via the acetate fermentation pathway. A plot of Leg 204 acetate ion concentration vs. temperature (Fig. F9) reveals the lack of any general relationship that would suggest that acetogenesis via degradation of organic matter or early pyrolysis takes place at these sites. 
CONCLUSIONS
Acetate and hydrogen concentrations in the pore water of Leg 204 sites were elevated relative to non-gas hydrate-bearing sites where such measurements have previously been made. The maximum acetate concentrations occurred at Site 1251, an area to the east of SHR at just above the BSR, a zone of very high methane concentration. Acetate maxima or locally high concentrations of acetate occurred at the BSR at all sites, and frequently correspond with areas of gas hydrate accumulation and high methane concentrations. Hydrogen data are sparse and qualitative; however, they indicate that elevated concentrations of hydrogen exist in these sediments. It would be beneficial to allocate more samples for hydrogen analyses in future seafloor coring efforts. Figure F2 . Plot of acetate ion and hydrogen concentration with depth for Site 1244. Hydrogen concentrations are noted by the format (number, letter) indicating the average concentration of that number of samples, while the letter designates the hole (e.g., [2,E] corresponds to Hole 1244E). The panel to the right is of the relative borehole resistivity as imaged by the resistivity-at-the-bit (RAB) tool. Lighter-colored bands represent areas of higher resistivity which are likely to be gas hydrate above the BSR. The next panel shows low-temperature anomalies recorded by infrared camera scans (blue spikes), which indicate likely areas of gas hydrate decomposition in the recovered core. The graph on the far right plots the calculated percentage of pore space occupied by gas hydrate according to Tréhu et al. (2004) . ΔT = temperature change. Figure F3 . Plot of acetate ion concentration with depth for Site 1245. The panel to the right is of the relative borehole resistivity as imaged by the resistivity-at-the-bit (RAB) tool. Lighter-colored bands represent areas of higher resistivity which are likely to be gas hydrate above the bottomsimulating reflector (BSR). The next panel shows low-temperature anomalies recorded by infrared camera scans (blue spikes), which indicate likely areas of gas hydrate decomposition in the recovered core. The graph on the far right plots the calculated percentage of pore space occupied by gas hydrate according to Tréhu et al. (2004) . ΔT = temperature change. Figure F4 . Plot of acetate ion concentration with depth for Site 1246. The panel to the right is of the relative borehole resistivity as imaged by the resistivity-at-the-bit (RAB) tool. Lighter-colored bands represent areas of higher resistivity which are likely to be gas hydrate above the bottomsimulating reflector (BSR). The next panel shows low-temperature anomalies recorded by infrared camera scans (blue spikes), which indicate likely areas of gas hydrate decomposition in the recovered core. The graph on the far right plots the calculated percentage of pore space occupied by gas hydrate according to Tréhu et al. (2004) . ΔT = temperature change. Figure F5 . Plot of acetate ion and hydrogen concentration with depth for Site 1249. Hydrogen concentrations are noted by the format (number, letter) indicating the average concentration of that number of samples, while the letter designates the hole (e.g., [6,F] corresponds to Hole 1249F). The panel to the right is of the relative borehole resistivity as imaged by the resistivity-at-the-bit (RAB) tool. Lighter-colored bands represent areas of higher resistivity which are likely to be gas hydrate above the bottom-simulating reflector (BSR). The next panel shows low-temperature anomalies recorded by infrared camera scans (blue spikes), which indicate likely areas of gas hydrate decomposition in the recovered core. ΔT = temperature change. The panel to the right is of the relative borehole resistivity as imaged by the resistivity-at-the-bit (RAB) tool. Lighter-colored bands represent areas of higher resistivity which are likely to be gas hydrate above the bottom-simulating reflector (BSR). The next panel shows low-temperature anomalies recorded by infrared camera scans (blue spikes), which indicate likely areas of gas hydrate decomposition in the recovered core. The graph on the far right plots the calculated percentage of pore space occupied by gas hydrate according to Tréhu et al. (2004) . ΔT = temperature change. SMI = sulfate/methane interface. Figure F7 . Plot of acetate ion and hydrogen concentration with depth for Site 1251. Hydrogen concentrations are noted by the format (number, letter) indicating the average concentration of that number of samples, while the letter designates the hole (e.g., [5,E] corresponds to Hole 1251D). The panel to the right is of the relative borehole resistivity as imaged by the resistivity-at-the-bit (RAB) tool. Lighter-colored bands represent areas of higher resistivity, which are likely to be gas hydrate above the bottom-simulating reflector (BSR). The next panel shows low-temperature anomalies recorded by infrared camera scans (blue spikes), which indicate likely areas of gas hydrate decomposition in the recovered core. The graph on the far right plots the calculated percentage of pore space occupied by gas hydrate according to Tréhu et al. (2004) . ΔT = temperature change. The panel to the right shows low temperature anomalies recorded by infrared camera scans (blue spikes), which indicate likely areas of gas hydrate decomposition in the recovered core. There is no methanogen or resistivity-at-the-bit (RAB) data for this site. Note the general correspondence of higher concentrations of acetate with gas hydrate accumulations, the bottom-simulating reflector (BSR), and a buildup below the BSR with low concentrations of methanogens. The overall increase in acetate concentration below the BSR may be due to a combination of lithology change and fluid from another system not sampled at the other sites of Leg 204. ΔT = temperature change.
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Depth ( Table T2 . Hydrogen, helium, and methane gas concentrations in PCS gas samples.
